Evaluation of the PV cell operation temperature in the process of fast switching to open-circuit mode by Rumyantsev, Valery D. et al.
Evaluation of the PV Cell Operation Temperature 
in the Process of Fast Switching 
to Open-Circuit Mode 
Valery D. Rumyantsev, Nikolay Yu Davidyuk, Alexander V. Chekalin, Dmitry A. Malevskiy, Alexander N. Pan'chak, 
Nikolay A. Sadchikov, Viacheslav M. Andreev, and Antonio L. Luque 
Abstract—A procedure for measuring the overheating tempera-
ture ( A T ) of a p-n junction area in the structure of photovoltaic 
(PV) cells converting laser or solar radiations relative to the ambi-
ent temperature has been proposed for the conditions of connecting 
to an electric load. The basis of the procedure is the measurement of 
the open-circuit voltage (Voc ) during the initial time period after 
the fast disconnection of the external resistive load. The simultane-
ous temperature control on an external heated part of a PV module 
gives the means for determining the value of Vb c at ambient tem-
perature. Comparing it with that measured after switching OFF 
the load makes the calculation of A T possible. Calibration data on 
the Voc = f(T) dependences for single-junction AlGaAs/GaAs 
and triple-junction InGaP/GaAs/Ge PV cells are presented. The 
temperature dynamics in the PV cells has been determined un-
der flash illumination and during fast commutation of the load. 
Temperature measurements were taken in two cases: converting 
continuous laser power by single-junction cells and converting so-
lar power by triple-junction cells operating in the concentrator 
modules. 
Index Terms—Energy dissipation, photovoltaic (PV) cells, tem-
perature measurement. 
I. INTRODUCTION 
E FFICIENCIES of 55-60% and 42^16% have been achieved in the conversion of intense laser and concen-
trated solar radiations, respectively [l]-[8]. This was achieved 
by means of the modules with single-junction or multijunction 
photovoltaic (PV) cells based on III-V materials. Note that just 
the concept of converting high-intensive radiation allows the 
possibility of achieving highest efficiency. This logarithmical 
rise in output voltage is accompanied by a proportional increase 
in photocurrent. As these PV cells operate at a high optical 
power and at photocurrent densities of the order of 10 A/cm2 
and higher, the cell temperatures may be in the range of 60-
70 °C [9]. Removal of residual heat is one of the key problems 
in optimizing PV modules. The main parameter characterizing 
the effectiveness of the heat removal from a PV cell is the p-
n junction overheating temperature AT (or that of an area of 
closely located p-n junctions in a multijunction PV cell) with 
reference to the ambient temperature. In practice, the estimation 
of PV cell temperature in the measurement of the open-circuit 
(OC) voltage (Voc) is the most used [10], [11]. Note that in 
the operational mode, a substantial part of the incoming power 
(of the order of approximately 40%) is dissipated not in a PV 
cell but in an external electrical load. This process may be at-
tributed to the effect of the "electrical cooling" of a PV cell. The 
knowledge of the p-n junction overheating temperature allows 
estimation of the heat removal effectiveness in a given module 
design. In addition, it becomes possible to predict the PV con-
version efficiency and operation lifetime of the modules under 
different environmental conditions. 
The present research is aimed at establishing a procedure at 
which evaluation of the p-n junction overheating temperature in 
the cells is carried out when connected to an external electric 
load in maximum power point (MPP) mode. In the procedure, a 
principle for evaluating the cell temperature using Vo c measure-
ments is applied [10], [11]. The possibility of implementing this 
principle arises when a fast cell switching from the MPP to the 
OC mode is performed [12]. Due to the heat capacity of the cell 
material, the temperature does not change over a short period 
of time immediately after switching the external load OFF. The 
Voc amplitude, measured at this moment, is compared with the 
corresponding value in a "cold" state of the cell. The latter could 
be realized just after step-like initiation of illumination. Then, 
the overheating temperature is calculated using the calibration 
data of Voc = f(T) measured under flash illumination. 
Generally speaking, one may encounter certain difficulties 
at arranging the "cold" state of a PV converter. In research-
ing solar modules, attempts of fast mechanical shuttering of 
the whole module aperture to sun illumination did not provide 
desirable results. The reason is that at the moment, when the 
Voc is measured, the temperature of the cells in different mod-
ule parts may differ significantly [12], [14]. A similar problem 
can also arise when researching the laser beam converters of 
rather large dimensions [1]. Unlike [12], in the present work, 
temperature control is added by placing a temperature sensor on 
an external part of the module near one of the PV cells. Corre-
sponding temperature values are used for accurate determination 
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Fig. 1. Scheme for measuring the parameters by the procedure under condi-
tions of continuous illumination of a PV cell. 
of the Voc value at the ambient temperature by calculations (this 
approach has been briefly described in our recent work [14]). A 
detailed verification of the proposed approach has been provided 
using single-junction AlGaAs/GaAs cells converting laser beam 
radiation. The temperature dynamics in the PV cells has been de-
termined under flash illumination and during fast commutation 
of the load. Temperature measurements were taken in two cases: 
converting continuous laser power by single-junction cells and 
converting solar power by triple-junction cells operating in the 
concentrator modules. 
II. PROCEDURE FOR MEASURING P-N JUNCTION 
OVERHEATING TEMPERATURE 
Fig. 1 shows the scheme of the measuring procedure under 
conditions of continuous illumination of a PV cell. 
The light is directed onto the photoreceiving area of a PV cell 
mounted on a heat sink. Connecting a load resistance to the cell 
causes a photocurrent flow through this resistance so that a part 
of the power absorbed by the PV cell is transferred to the load. 
The cell p-n junction temperature Tp_n depends on the am-
bient temperature Tamb, illumination intensity, and the condi-
tions of the power transfer to the load. It also depends on the 
conditions of the heat transfer to a heat sink (these conditions 
determine the temperature of any heated part of the module rear 
Text)-
The p-n junction overheating temperature ATp_n under con-
ditions of thermal balance in any operational mode is the tem-
perature difference: 
AT — T T amb • 
It is known that at the definite density of the current generated 
in a PV cell, the Voc = f(T) dependence is a linear function 
within a temperature range near the room temperature [10]. For 
this reason, one can write that 
AT 
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where a [—mV/°C] is the temperature coefficient of Voc at 
a given current density; and V0c and V^h are the OC volt-
ages at a balanced temperature and the ambient temperature, 
respectively. 
A temperature gradient arises between the cell p-n junction 
area and the external surface of the module. At moderate over-
heating and under thermal balance conditions, one can write 
ATp_n = BAText = B(Text - Te^b) (3) 
where B is a coefficient; and T™ is the initial heat sink temper-
ature equal to the ambient temperature Tamb. For MPP mode, 
AT^JP value is determined as 
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where V^-Jp is the value measured just after the fast discon-
nection of the load, and Te^tpp is the value corresponding to the 
thermal balance of the system before the load was disconnected. 
To exclude the unknown coefficient B and to find V, amb OC ' 
AT oc p
~
n
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one can set up a similar equation for the conditions of zero 
power transfer in the OC mode (the p-n junction overheating 
temperature is denoted as AT°_°n): 
•{V0C-Vg$>) = B{T™-T^). 
(5) 
In (5), Voc is the OC voltage of the cell at a given illumination 
level under thermal balance conditions; Tex^ is the temperature, 
which is measured in the OC mode on the external part of the 
module. From (4) and (5), one can obtain 
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Knowing V¿™b, one can calculate A T ^ from (4) and 
AT°_°n from (5). According to the procedure under considera-
tion, the ambient temperature Tamb is measured as the heat sink 
temperature Teax™b before illumination (see Fig. 1). The tested 
device is irradiated by a definite source while connected to the 
optimum load. Under irradiation, after a certain period of time 
required to reach the thermal balance, the heat sink temperature 
is recorded. It is denoted as the Te^tpp corresponding to the 
MPP mode of the cell operation. At the next step, the PV cell is 
quickly switched to the OC mode of operation. The amplitude of 
the overvoltage is measured with a memory oscilloscope. Since 
the p-n junction still continues to be at the temperature T^11^, 
this voltage is denoted as V^-Jp. While reaching a new thermal 
equilibrium in the OC mode, the cell is heated up to higher 
temperature at the same incident power. The OC voltage and 
corresponding heat sink temperature Tex^ are measured (they 
(1) are denoted as V0c and Tex^). Fig. 2 shows the time-dependent 
behavior of the heat sink temperature and voltage drop across 
the p-n junction of the cell in MPP and OC modes of operation. 
For determining V¿™b, the measured voltage values and cor-
responding temperature values should be substituted into (6). 
Then, the required value of AT^11^ can be found from (4). In 
the '"Temperature-Voltage" coordinates, the Vg™b value lies on 
the continuation (up to T = Tamb) of the straight line connect-
ing the values of V0c and V^\FP. The corresponding graphical 
plot is presented in Fig. 3. 
III. INITIAL DATA AND CONDITIONS FOR THE EXPERIMENTS 
The initial data for determining the p-n junction overheating 
temperature are the OC voltage temperature coefficients for 
Sun"on" Load "off' Time 
Fig. 2. Time-dependent behavior of the heat sink temperature and of the p-n 
junction voltage for a PV cell in MPP and OC mode. 
Temperature 
Fig. 3. Dependence of the cell OC voltage on the temperature on the external 
module surface. From this graph, the VQS! value can be determined [see (6)]. 
definite PV cells used in the tested PV devices. In this study, 
these data have been obtained under flash illumination of the 
cells placed on a temperature-controlled holder. The PV cell 
operation under continuous illumination was analyzed using a 
specialized electronic unit ensuring proper regulation and fast 
disconnection of the external load. The characteristic rates of 
the p-n junction temperature changes have been evaluated in the 
time-dependent Voc measurements. 
A. Experimental Specimens 
The single-junction AlGaAs/GaAs 4 mm x 4 mm PV cells 
[2] soldered onto a 30 mm x 30 mm x 3 mm copper holder 
have been used in the indoor experiments on converting the 
X = 808 nm laser radiation. For the experiments on convert-
ing concentrated sunlight, the triple-junction GalnP/GalnAs/Ge 
2.6 mm x 2.6 mm cells soldered in groups onto the 1-mm-thick 
steel heat sinks have been used [4]. The groups of the cells 
and silicone-on-glass Fresnel lenses were combined into the so-
lar concentrator modules of SMALFOC design (Small lenses, 
Multijunction cells, All made from glass, Lamination, Fresnel, 
Optics, Concentration) [15]. The parallel-series connection of 
the 288 PV cells ensured the module output voltage of about 
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Fig. 4. Photocurrent densities and corresponding OC voltages for one of the 
triple-junction GalnP/GalnAs/Ge PV cells under flash illumination from a sun-
light simulator. The illumination intensities correspond to the sun concentration 
ratios of (a) 60x and (b) 1215x. The cell specimen was in mechanical contact 
with a holder at room temperature. 
B. Temperature-Dependent Voc Measurements Under 
Flash Illumination 
The dependences of Voc on the temperature for the PV cells 
were measured using a flash simulator of concentrated sunlight 
[16]. The AM 1.5 sun concentration ratios varied in the range of 
C = 1 - 1000 and the cell temperatures in the range of -20 to 
+100 °C. The illumination intensity was controlled by recording 
the photocurrent pulses. To register the signals, a specially de-
signed analog-to-digital memory oscilloscope was used. Fig. 4 
shows the current and voltage pulse shapes recorded for one 
of the solar triple-junction cells at the illumination intensities 
equivalent to the concentration ratios of 60 x and 1215x. 
Note that in only one experiment, the tested solar cell was 
not soldered to a heat-dissipating holder, but was simply in a 
mechanical contact at room temperature. The comparison of 
the plots for the Voc at the lower and the higher illumination 
intensities in Fig. 4 shows that until 0.5 ms, the heating effect is 
insignificant. However, after this moment, the heating effect is 
pronounced at the higher equivalent concentration ratio. 
For the triple-junction cells, the photocurrent densities have 
been generated, which are typical for the further outdoor exper-
iments with concentrator modules. The corresponding data are 
presented in Fig. 5. As was supposed in Section II in considering 
the procedure for measuring the p-n junction overheating tem-
perature, the Voc = f(T) dependences are well approximated 
by the straight lines. The temperature coefficients a for the 
OC voltage at different photocurrent densities were determined 
from the slopes of the straight lines connecting the measurement 
points. The values of these coefficients are presented in Fig. 6. 
C Dynamics of the Thermal Characteristics of the 
Photovoltaic Cells 
The measurements of the Voc under flash illumination allow 
the time-dependent p-n junction temperature to be estimated at 
a fast change of the thermal load. In Fig. 4, the current values 
are equal at the beginning and the end of the interval from 1 
to 2 ms. Thus, one can measure two Voc values within the 
1-ms interval, when the cell is absorbing a certain amount of 
light power, so that its temperature increases. Using the plots 
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Fig. 5. Vbc values for specimens of the single-junction and triple-junction 
PV cells at the different temperatures and photocurrent densities obtained under 
flash illumination. 
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Fig. 6. Temperature coefficients a for specimens of the single-junction and 
triple-junction PV cells obtained from the plots of Fig. 5 at different photocurrent 
densities. 
in Figs. 5 and 6, one can estimate the rise in the p-n junction 
temperature depending on the illumination intensity at different 
conditions of heat removal. Fig. 7 shows the p-n junction over-
heating temperature versus the generated photocurrent density 
measured for a triple-junction PV cell. The experimental data 
have been obtained for the specimens mechanically pressed or 
soldered onto a holder. 
Fig. 7 shows that the p-n junction temperature of the sol-
dered specimen increases by about 1°C during 1 ms at the illu-
mination intensity equivalent to the sun concentration ratio of 
C = 1000 x (14 A/cm2). This result is in good agreement with 
data of a recent work [17]. At a pressure contact of the specimen 
with a holder, the overheating temperature is three times greater. 
Similar result has been obtained by theoretical estimation of the 
temperature increase in a thermally isolated cell made of Ge as 
the main cell material. In the latter case, the Ge heat capacity and 
the amount of heat power absorbed during 1 ms were taken into 
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Fig. 7. Rise in the p-n junction temperature, depending on the photocurrent 
density for the triple-junction PV cells at the end of the light pulse that is 1 ms 
in duration. The following conditions for heat removal have been considered: 
specimen in pressure contact with a holder (the triangular points) and a soldered 
specimen (square points). The round points denote the calculated temperature 
rise in a cell chip made of Ge as the main material. 
account, which means that without soldering, the heat transfer 
from a PV cell to the holder is rather weak. 
The results presented in Fig. 7 can be used for estimating 
the heating dynamics in the single-junction PV cells convert-
ing laser radiation. For instance, at a sunlight thermal power 
density of approximately 100 W/cm2 (C = 1000x), in a solar 
triple-junction cell, the photocurrent density is about 15 A/cm2. 
As regards, a single-junction 50%-efficient AlGaAs/GaAs cell, 
converting similar amount of incident power, the photocurrent 
density should be about 50 A/cm2 at an output voltage of about 
1 V Therefore, the overheating temperature estimation using 
the graphs in Fig. 7 will always give a conservative value. 
D. Measurement Equipment 
A computerized analog-to-digital device has been used in the 
experiments on evaluating the overheating temperature of the 
p-n junctions in the PV cells for the conversion of laser and 
solar radiation. The setup, which is shown in Fig. 8(a), ensured 
the recording of the voltage and current magnitudes by vary-
ing the PV cell mode of operation. A controllable FET was 
used as a load resistance. This resistance could be automati-
cally varied for providing the maximum of extracting power, as 
well as the fast load disconnection for the OC mode arrange-
ment. The PT100 thermoresistors were used for the temperature 
measurements. In the outdoor tests under the sun illumination, 
the SMALFOC concentrator modules mounted on a sun tracker 
were used. The mechanical equipment for this experiment is 
pictured in Fig. 8(b). 
IV EXPERIMENTAL RESULTS 
The individual single-junction AlGaAs/GaAs PV cells were 
tested under laser beam illumination with an aperture of about 
1 mm. A rather fast mechanical shutter (~0.2 ms) was used for 
switching on the specimen illumination. The cell OC voltage 
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Fig. 8. (a) Simplified circuit for the recording of the voltage and current 
magnitudes when varying the PV cell mode of operation, (b) Sun-tracker with 
the 0.5 m x 1.0 m concentrator module of the SMALFOC design [15]. 
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Fig. 9. (a) Oscillogram of the OC voltage in AlGaAs/GaAs PV cell in opening 
a mechanical shutter, (b) Oscillogram of changeover from the MPP regime to 
the OC one realized at FET operation. 
oscillogram in the shutter opening is shown in Fig. 9(a). In the 
experiments with laser illumination, it was possible to measure 
directly the V^h value to compare it with that determined from 
the procedure in Section II. Therefore, the results of this part of 
the experiment may be used for verification of the calculations 
performed with (4) and (5). 
The time-dependent characteristic of the cell switching from 
the MPP to the OC mode is shown in Fig. 9(b). It is seen that 
the FET activation time is about 0.01 ms so that the correct 
measurement of the V^\FP magnitude is ensured. The rather 
fast cell illumination switching on [0.2 ms, Fig. 9(a)] and very 
fast switching of the external load [see Fig. 9(b)] may cause 
an evaluation uncertainty of A T ^ P value of about 0.2 °C. 
It was mentioned above that such a direct VQ™ measurement 
cannot be carried out outdoors when working on large-area solar 
modules. 
The experimental conditions are listed in Table I. In addition, 
the results of the temperature and OC voltage measurements 
and calculations are shown. Left and right columns contain data 
on conversion of the laser power and solar power, respectively. 
The ambient temperature Tamb was recorded with accuracy up 
TABLE i 
EXPERIMENTAL CONDITIONS AND THE RESULTS OF THE TEMPERATURE AND 
OC VOLTAGE MEASUREMENTS AND CALCULATIONS IN THE PV CONVERSION 
OF LASER AND SOLAR RADIATIONS 
Parameters 
r a m b 
T M P P 
T O C 
l / M P P 
V o c 
V¿'gh (calculated) 
i / a m b ( measured) 
A T p M P p (calculated) 
AT°_ c n (calculated) 
Laser beam 
illumination k = 8 0 8 
nm, P = 0.71 W; 
AlGaAs/GaAs PV cell 
4 m m x 4 m m 
soldered to a copper 
holder 
30 x 30 x 3 m m 3 in 
size: 
a = - 1 . 5 1 m V / T 
at 
jph = 2 . 7 1 A / c m 5 
23.0 
23.02 
36.78 
45.58 
1.12979 
1.11526 
1.15251 
1.15265 
15.1 
24.7 
Sun illumination 
865 W/m 2 , Wind speed 
- 2 m/s; SMALFOC 
module of 
0.5 m x 1 m in area 
with 288 pairs of lenses 
and GalnP/GalnAs/Ge 
cells: 
a = - 4 . 6 8 m V / ° C 
at 
jph = 2 .74 A / c m 5 
15.7 
17.91 
28.19 
31.88 
35.80 
35.31 
37.46 
29.4 
38.1 
The temperature values T are in degrees centigrade; voltage values V are in 
volts. 
to the first decimal place and the other temperatures up to the 
second decimal place. The voltage values for the single-junction 
AlGaAs/GaAs PV cell were measured with a maximal possible 
accuracy. It was necessary for estimation of a probable error 
in finding the Vg^0 from a direct measurement and from the 
and ATr MPP values have been calculation by (6). The ATp°_cn „. 
calculated using (4) and (5), respectively. 
A good fit of the rated Vg™13 value to the directly measured 
one in the experiments on converting laser radiation is notewor-
thy. The 0.14 mV difference corresponds to a temperature error 
as little as 0.1 °C in determining the p-n junction overheating 
temperature. It seems that a similar temperature evaluation error 
can be typical for the larger-in-size modules in converting laser 
and solar radiations. Certainly, this does not extend to the cases 
of the probable nonuniformities for both incoming power and 
heat removal processes in these modules. 
Another source of the errors is a possible uncertainty in choos-
ing coefficient a at the transformation of the voltage values 
into the temperature ones (see Fig. 6). This coefficient should 
correspond to the photocurrent density in the cells of a tested 
photoconversion device. A positive factor is that, at error in de-
termining the photocurrent density in two times, the error of a 
value is only about 6%. 
Let us consider the data of Table I on the temperature in 
the p-n junction area of the PV cells in the solar concentrator 
module. The corresponding values for the MPP mode AT^J^ 
and for the OC mode ATp°^ differ almost 1.3 times. In the 
MPP mode, the cell temperature is low owing to the "electrical 
cooling" process (transferring a substantial part of the absorbed 
power into the external load). The rather low overheating 
temperature of the p-n junction area AT^FJ1 = 29-30 °C in 
the high-concentration SMALFOC modules is an indicator of 
a good residual heat dissipation design. For instance, in OC 
conditions (see Table I, right column), this temperature is lower 
in comparison with that measured in [9]. The short path from the 
cells to air and a high heat radiation efficiency of the lamination 
cover ensure intensive heat removal in the SMALFOC modules. 
[16] V. D. Rumyantsev et al., "Evaluation of the solar cell internal resistance 
in I-V measurements under flash illumination," in Proc. AIP Conf., 2012, 
vol. 1477, pp. 152-156. 
[17] A. Braun, B. Hirsch, A. Vossier, E. Katz, and J. Gordon, "Temperature 
dynamics of multijunction concentrator solar cells up to ultra-high irradi-
ance," Prog. Photovoltaics, Res. Appl, vol. 21, pp. 202-208, 2013. 
V. CONCLUSION 
A simple procedure for making Voc an indicator of opera-
tional temperature in MPP mode of the PV cells and modules 
has been proposed. The p-n junction overheating temperature 
evaluation includes measuring two OC voltage values and three 
temperature values. The distinguishing feature of the proposed 
approach is that one of the Vbc measurements is carried out 
immediately after the fast disconnection of the external resistive 
load. The indoor verification of the method for a PV converter of 
laser radiation has shown quite a small error in the temperature 
evaluation (about 0.1°C). This error is associated with uncer-
tainty in determining the OC voltage temperature coefficient. 
The corresponding coefficient is obtained from the experiments 
under flash illumination. 
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